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Abstract
In the near future, we will have the first significant experimental measure-
ments of CP violation in B decays. These measurements will easily test
crucial questions such as whether the Standard Model Kobayashi-Maskawa
phase plays a dominant role in CP violation or whether CP is an approxi-
mate symmetry in nature. We explain the different types of CP violation in
B decays, and the usefulness of measuring them. We use the same formalism
to describe the εK and ε
′
K parameters of the neutral K system and to explain
the terms direct and indirect CP violation. We present the Standard Model
predictions for the various asymmetries. We argue that certain CP asym-
metries in B decays are subject to a very clean theoretical interpretation in
terms of fundamental Lagrangian parameters. Within the Standard Model,
these asymmetries will provide very accurate measurements of the CKM pa-
rameters. In case that deviations from the Standard Model predictions will be
found, there is enough information to understand the nature of New Physics
that is required to explain them. We demonstrate this statement by analyzing
the impact of various Supersymmetric flavor models on CP violation.
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Flavour and Gauge Hierarchies
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and at
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I. A MODEL INDEPENDENT DISCUSSION
A. Introduction
CP violation arises naturally in the three generation Standard Model. The CP violation
that has been measured in neutral K-meson decays (εK and ε
′
K) is accommodated in the
Standard Model in simple way [1]. Yet, CP violation is one of the least tested aspects of the
Standard Model. The value of the εK parameter [2] as well as bounds on other CP violating
parameters (most noticeably, the electric dipole moments of the neutron, dN , and of the
electron, de) can be accounted for in models where CP violation has features that are very
different from the Standard Model ones.
It is unlikely that the Standard Model provides the complete description of CP violation
in nature. First, it is quite clear that there exists New Physics beyond the Standard Model.
Almost any extension of the Standard Model has additional sources of CP violating effects.
In addition there is a great puzzle in cosmology that relates to CP violation, and that is the
baryon asymmetry of the universe [3]. Theories that explain the observed asymmetry must
include new sources of CP violation [4]: the Standard Model cannot generate a large enough
matter-antimatter imbalance to produce the baryon number to entropy ratio observed in
the universe today [5–7].
In the near future, significant new information on CP violation will be provided by
various experiments. The main source of information will be measurements of CP violation
in various B decays, particularly neutral B decays into final CP eigenstates [8–10]. Another
piece of valuable information might come from a measurement of the KL → π0νν¯ decay
[11–14]. For the first time, the pattern of CP violation that is predicted by the Standard
Model will be tested. Basic questions such as whether CP is an approximate symmetry in
nature will be answered.
It could be that the scale where new CP violating sources appear is too high above
the Standard Model scale (e.g. the GUT scale) to give any observable deviations from
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the Standard Model predictions. In such a case, the outcome of the experiments will be a
(frustratingly) successful test of the Standard Model and a significant improvement in our
knowledge of the CKM matrix.
A much more interesting situation will arise if the new sources of CP violation appear
at a scale that is not too high above the electroweak scale. Then they might be discovered
in the forthcoming experiments. Once enough independent observations of CP violating
effects are made, we will find that there is no single choice of CKM parameters that is
consistent with all measurements. There may even be enough information in the pattern of
the inconsistencies to tell us something about the nature of the new physics contributions
[15–18].
The aim of this review is to explain the theoretical tools with which we will analyze
new information about CP violation. In this chapter, we give a brief, model-independent
discussion of CP violating observables. In the next chapter, we discuss CP violation in the
Standard Model. In the third chapter we briefly explain why CP violation is a powerful probe
of new physics. In the last chapter, we describe CP violation in Supersymmetric models.
This discussion enables us to elucidate the uniqueness of the Standard Model description
of CP violation and how little it has been tested so far. It further demonstrates how the
information from CP violation can help us probe in detail models of New Physics.
B. Neutral Meson Mixing
Much of the exciting CP violation in meson decays is related to neutral meson mixing.
Before we focus on CP violation, we briefly discuss then the physics and formalism of
neutral meson mixing. We refer specifically to the neutral B meson system, but most
of our discussion applies equally well to the neutral K, Bs and D meson systems.
Our phase convention for the CP transformation law of the neutral B mesons is defined
by
CP|B0〉 = ωB|B¯0〉, CP|B¯0〉 = ω∗B|B0〉, (|ωB| = 1). (1.1)
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Physical observables do not depend on the phase factor ωB. An arbitrary linear combination
of the neutral B-meson flavor eigenstates,
a|B0〉+ b|B¯0〉, (1.2)
is governed by a time-dependent Schro¨dinger equation,
i
d
dt

 a
b

 = H

 a
b

 ≡ (M − i
2
Γ
) a
b

 , (1.3)
for which M and Γ are 2× 2 Hermitian matrices.
The off-diagonal terms in these matrices, M12 and Γ12, are particularly important in
the discussion of mixing and CP violation. M12 is the dispersive part of the transition
amplitude from B0 to B¯0. In the Standard Model it arises only at order g4. In the language
of quark diagrams, the leading contribution is from box diagrams. At sufficiently high loop
momentum, k ≫ ΛQCD, these diagrams are a very good approximation to the Standard
Model contribution to M12. This, or any other contribution from heavy intermediate states
from new physics, is the short distance contribution. For small loop momenta, k∼< 1 GeV,
we do not expect quark hadron duality to hold. The box diagram is a poor approximation
to the contribution from light intermediate states, namely to long distance contributions.
Fortunately, in the B and Bs systems, the long distance contributions are expected to be
negligible. (This is not the case for K and D mesons. Consequently, it is difficult to extract
useful information from the measurement of ∆mK and from the bound on ∆mD.) Γ12 is
the absorptive part of the transition amplitude. Since the cut of a diagram always involves
on-shell particles and thus long distance physics, the cut of the quark box diagram is a poor
approximation to Γ12. However, it does correctly give the suppression from small electroweak
parameters such as the weak coupling. In other words, though the hadronic uncertainties
are large and could change the result by order 50%, the cut in the box diagram is expected
to give a reasonable order of magnitude estimate of Γ12. (For Γ12(Bs) it has been shown that
local quark-hadron duality holds exactly in the simultaneous limit of small velocity and large
number of colors. We thus expect an uncertainty of O(1/NC) ∼ 30% [19,20]. For Γ12(Bd)
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the small velocity limit is not as good an approximation but an uncertainty of order 50%
still seems a reasonable estimate.) New physics is not expected to affect Γ12 significantly
because it usually takes place at a high energy scale and is relevant to the short distance
part only.
The light BL and heavy BH mass eigenstates are given by
|BL,H〉 = p|B0〉 ± q|B¯0〉. (1.4)
The complex coefficients q and p obey the normalization condition |q|2+ |p|2 = 1. Note that
arg(q/p∗) is just an overall common phase for |BL〉 and |BH〉 and has no physical significance.
The mass difference and the width difference between the physical states are given by
∆m ≡MH −ML, ∆Γ ≡ ΓH − ΓL. (1.5)
Solving the eigenvalue equation gives
(∆m)2 − 1
4
(∆Γ)2 = (4|M12|2 − |Γ12|2), ∆m∆Γ = 4Re(M12Γ∗12), (1.6)
q
p
= −2M
∗
12 − iΓ∗12
∆m− i
2
∆Γ
= −∆m−
i
2
∆Γ
2M12 − iΓ12 . (1.7)
In the B system, |Γ12| ≪ |M12| (see discussion below), and then, to leading order in
|Γ12/M12|, (1.6) and (1.7) can be written as
∆mB = 2|M12|, ∆ΓB = 2Re(M12Γ∗12)/|M12|, (1.8)
q
p
= − M
∗
12
|M12| . (1.9)
C. CP Violation in Neutral Meson Mixing
To discuss CP violation in mixing (see below), it is useful to write (1.9) to first order in
|Γ12/M12|:
4
qp
= − M
∗
12
|M12|
[
1− 1
2
Im
(
Γ12
M12
)]
. (1.10)
To discuss CP violation in decay (see below), we need to consider decay amplitudes. The
CP transformation law for a final state f is
CP|f〉 = ωf |f¯〉, CP|f¯〉 = ω∗f |f〉, (|ωf |) = 1. (1.11)
For a final CP eigenstate f = f¯ = fCP, the phase factor ωf is replaced by ηfCP = ±1, the
CP eigenvalue of the final state. We define the decay amplitudes Af and A¯f according to
Af = 〈f |Hd|B0〉, A¯f = 〈f |Hd|B¯0〉, (1.12)
where Hd is the decay Hamiltonian.
To discuss CP violation in the interference of decays with and without mixing (see below),
we introduce a complex quantity λf defined by
λf =
q
p
A¯f
Af
. (1.13)
We further define the CP transformation law for the quark fields in the Hamiltonian (a
careful treatment of CP conventions can be found in [21]):
q → ωq q¯, q¯ → ω∗qq, (|ωq| = 1). (1.14)
The effective Hamiltonian that is relevant to M12 is of the form
H∆b=2eff ∝ e+2iφB
[
d¯γµ(1− γ5)b
]2
+ e−2iφB
[
b¯γµ(1− γ5)d
]2
, (1.15)
where 2φB is a CP violating (weak) phase. (We use the Standard Model V − A amplitude,
but the results can be generalized to any Dirac structure.) For the B system, where |Γ12| ≪
|M12|, this leads to
q/p = ωBω
∗
bωde
−2iφB . (1.16)
(We implicitly assumed that the vacuum insertion approximation gives the correct sign
for M12. In general, there is a sign(BB) factor on the right hand side of (1.16) [22].) To
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understand the phase structure of decay amplitudes, we take as an example the b → qq¯d
decay (q = u or c). The decay Hamiltonian is of the form
Hd ∝ e+iφf [q¯γµ(1− γ5)d]
[
b¯γµ(1− γ5)q
]
+ e−iφf [q¯γµ(1− γ5)b]
[
d¯γµ(1− γ5)q
]
, (1.17)
where φf is the appropriate weak phase. (Again, for simplicity we use a V − A structure,
but the results hold for any Dirac structure.) Then
A¯f¯/Af = ωfω
∗
Bωbω
∗
de
−2iφf . (1.18)
Eqs. (1.16) and (1.18) together imply that for a final CP eigenstate,
λfCP = ηfCPe
−2i(φB+φf ). (1.19)
D. The Three Types of CP Violation in Meson Decays
There are three different types of CP violation in meson decays:
(i) CP violation in mixing, which occurs when the two neutral mass eigenstate admixtures
cannot be chosen to be CP-eigenstates;
(ii) CP violation in decay, which occurs in both charged and neutral decays, when the
amplitude for a decay and its CP-conjugate process have different magnitudes;
(iii) CP violation in the interference of decays with and without mixing, which occurs in
decays into final states that are common to B0 and B¯0. (It often occurs in combination
with the other two types but there are cases when, to an excellent approximation, it
is the only effect.)
(In cascade decays [23–26], there appears a fourth type of CP violation [27,28]. We do not
discuss this type of CP violation here.)
(i) CP violation in mixing:
|q/p| 6= 1. (1.20)
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This results from the mass eigenstates being different from the CP eigenstates, and requires a
relative phase between M12 and Γ12. For the neutral B system, this effect could be observed
through the asymmetries in semileptonic decays:
aSL =
Γ(B¯0phys(t)→ ℓ+νX)− Γ(B0phys(t)→ ℓ−νX)
Γ(B¯0phys(t)→ ℓ+νX) + Γ(B0phys(t)→ ℓ−νX)
. (1.21)
In terms of q and p,
aSL =
1− |q/p|4
1 + |q/p|4 . (1.22)
CP violation in mixing has been observed in the neutral K system (Re εK 6= 0).
In the neutral B system, the effect is expected to be small, ∼< O(10−2). The reason is
that, model independently, the effect cannot be larger than O(∆ΓB/∆mB). The difference
in width is produced by decay channels common to B0 and B¯0. The branching ratios for
such channels are at or below the level of 10−3. Since various channels contribute with
differing signs, one expects that their sum does not exceed the individual level. Hence, we
can safely assume that ∆ΓB/ΓB = O(10−2). On the other hand, it is experimentaly known
that ∆mB/ΓB ≈ 0.7.
To calculate the deviation of |q/p| from a pure phase (see (1.10)),
1−
∣∣∣∣∣qp
∣∣∣∣∣ = 12Im
Γ12
M12
, (1.23)
one needs to calculate M12 and Γ12. This involves large hadronic uncertainties, in particular
in the hadronization models for Γ12.
(ii) CP violation in decay:
|A¯f¯/Af | 6= 1. (1.24)
This appears as a result of interference among various terms in the decay amplitude, and will
not occur unless at least two terms have different weak phases and different strong phases.
CP asymmetries in charged B decays,
af =
Γ(B+ → f+)− Γ(B− → f−)
Γ(B+ → f+) + Γ(B− → f−) , (1.25)
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are purely an effect of CP violation in decay. In terms of the decay amplitudes,
af± =
1− |A¯f−/Af+ |2
1 + |A¯f−/Af+ |2 . (1.26)
CP violation in decay has been observed in the neutral K system (Re ε′K 6= 0 [29–31]).
There are two types of phases that may appear in Af and A¯f¯ . Complex parameters in
any Lagrangian term that contributes to the amplitude will appear in complex conjugate
form in the CP-conjugate amplitude. Thus their phases appear in Af and A¯f¯ with opposite
signs. In the Standard Model these phases occur only in the CKM matrix which is part of
the electroweak sector of the theory, hence these are often called “weak phases”. The weak
phase of any single term is convention dependent. However the difference between the weak
phases in two different terms in Af is convention independent because the phase rotations of
the initial and final states are the same for every term. A second type of phase can appear
in scattering or decay amplitudes even when the Lagrangian is real. Such phases do not
violate CP, since they appear in Af and A¯f¯ with the same sign. Their origin is the possible
contribution from intermediate on-shell states in the decay process, that is an absorptive
part of an amplitude that has contributions from coupled channels. Usually the dominant
rescattering is due to strong interactions and hence the designation “strong phases” for
the phase shifts so induced. Again only the relative strong phases of different terms in a
scattering amplitude have physical content, an overall phase rotation of the entire amplitude
has no physical consequences.
Thus it is useful to write each contribution to A in three parts: its magnitude Ai; its
weak phase term eiφi ; and its strong phase term eiδi . Then, if several amplitudes contribute
to B → f , we have
∣∣∣∣∣A¯f¯Af
∣∣∣∣∣ =
∣∣∣∣∣
∑
iAie
i(δi−φi)∑
iAiei(δi+φi)
∣∣∣∣∣ . (1.27)
The magnitude and strong phase of any amplitude involve long distance strong interaction
physics, and our ability to calculate these from first principles is limited. Thus quantities
that depend only on the weak phases are much cleaner than those that require knowledge
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of the relative magnitudes or strong phases of various amplitude contributions, such as CP
violation in decay. There is however a large literature and considerable theoretical effort that
goes into the calculation of amplitudes and strong phases . In many cases we can only relate
experiment to Standard Model parameters through such calculations. The techniques that
are used are expected to be more accurate for B decays than for K decays, because of the
larger B mass, but theoretical uncertainty remains significant. The calculations generally
contain two parts. First the operator product expansion and QCD perturbation theory are
used to write any underlying quark process as a sum of local quark operators with well-
determined coefficients. Then the matrix elements of the operators between the initial and
final hadron states must be calculated. This is where theory is weakest and the results
are most model dependent. Ideally lattice calculations should be able to provide accurate
determinations for the matrix elements, and in certain cases this is already true, but much
remains to be done.
(iii) CP violation in the interference between decays with and without mixing:
|λfCP| = 1, Im λfCP 6= 0. (1.28)
Any λfCP 6= ±1 is a manifestation of CP violation. The special case (1.28) isolates the effects
of interest since both CP violation in decay (1.24) and in mixing (1.20) lead to |λfCP| 6= 1.
For the neutral B system, this effect can be observed by comparing decays into final CP
eigenstates of a time-evolving neutral B state that begins at time zero as B0 to those of the
state that begins as B¯0:
afCP =
Γ(B¯0phys(t)→ fCP)− Γ(B0phys(t)→ fCP)
Γ(B¯0phys(t)→ fCP) + Γ(B0phys(t)→ fCP)
. (1.29)
This time dependent asymmetry is given (for |λfCP| = 1) by
afCP = −ImλfCP sin(∆mBt). (1.30)
CP violation in the interference of decays with and without mixing has been observed
for the neutral K system (Im εK 6= 0). It is expected to be an effect of O(1) in various B
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decays. For such cases, the contribution from CP violation in mixing is clearly negligible.
For decays that are dominated by a single CP violating phase (for example, B → ψKS and
KL → π0νν¯), so that the contribution from CP violation in decay is also negligible, afCP is
cleanly interpreted in terms of purely electroweak parameters. Explicitly, ImλfCP gives the
difference between the phase of the B − B¯ mixing amplitude (2φB) and twice the phase of
the relevant decay amplitude (2φf) (see eq. (1.19)):
ImλfCP = −ηfCP sin[2(φB + φf )]. (1.31)
E. Indirect vs. Direct CP Violation
The terms indirect CP violation and direct CP violation are commonly used in the
literature. While various authors use these terms with different meanings, the most useful
definition is the following:
(i) Indirect CP violation refers to CP violation in meson decays where the CP violating
phases can all be chosen to appear in ∆F = 2 (mixing) amplitudes.
(ii) Direct CP violation refers to CP violation in meson decays where some CP violating
phases necessarily appear in ∆F = 1 (decay) amplitudes.
Examining eqs. (1.20) and (1.7), we learn that CP violation in mixing is a manifestation
of indirect CP violation. Examining eqs. (1.24) and (1.12), we learn that CP violation in
decay is a manifestation of direct CP violation. Examining eqs. (1.28) and (1.13), we learn
that the situation concerning CP violation in the interference of decays with and without
mixing is more subtle. For any single measurement of Imλf 6= 0, the relevant CP violating
phase can be chosen by convention to reside in the ∆F = 2 amplitude (φf = 0, φB 6= 0
in the notation of eq. (1.19)), and then we would call it indirect CP violation. Consider,
however, the CP asymmetries for two different final CP eigenstates (for the same decaying
meson), fa and fb. Then, a non-zero difference between Imλfa and Imλfb requires that
there exists CP violation in ∆F = 1 processes (φfa − φfb 6= 0), namely direct CP violation.
10
Experimentally, both direct and indirect CP violation have been established. Below we
will see that εK signifies indirect CP violation while ε
′
K signifies direct CP violation.
Theoretically, most models of CP violation (including the Standard Model) have pre-
dicted that both types of CP violation exist. There is, however, one class of models, that
is superweak models [32–35], that predict only indirect CP violation. The measurement of
ε′K 6= 0 has excluded this class of models.
F. The εK and ε
′
K Parameters
Historically, a different language from the one used by us has been employed to describe
CP violation in K → ππ and K → πℓν decays. In this section we ‘translate’ the language
of εK and ε
′
K to our notations. Doing so will make it easy to understand which type of CP
violation is related to each quantity.
The two CP violating quantities measured in neutral K decays are
η00 =
〈π0π0|H|KL〉
〈π0π0|H|KS〉 , η+− =
〈π+π−|H|KL〉
〈π+π−|H|KS〉 . (1.32)
Define for (ij) = (00) or (+−)
Aij = 〈πiπj|H|K0〉, A¯ij = 〈πiπj|H|K¯0〉, (1.33)
λij =
(
q
p
)
K
A¯ij
Aij
. (1.34)
Then
η00 =
1− λ00
1 + λ00
, η+− =
1− λ+−
1 + λ+−
. (1.35)
The η00 and η+− parameters get contributions from CP violation in mixing (|(q/p)|K 6= 1)
and from the interference of decays with and without mixing (Imλij 6= 0) at O(10−3) and
from CP violation in decay (|A¯ij/Aij | 6= 1) at O(10−6).
There are two isospin channels in K → ππ leading to final (2π)I=0 and (2π)I=2 states:
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〈π0π0| =
√
1
3
〈(ππ)I=0| −
√
2
3
〈(ππ)I=2|, (1.36)
〈π+π−| =
√
2
3
〈(ππ)I=0|+
√
1
3
〈(ππ)I=2|. (1.37)
The fact that there are two strong phases allows for CP violation in decay. The possible
effects are, however, small (on top of the smallness of the relevant CP violating phases)
because the final I = 0 state is dominant (this is the ∆I = 1/2 rule). Defining
AI = 〈(ππ)I |H|K0〉, A¯I = 〈(ππ)I |H|K¯0〉, (1.38)
we have, experimentally,
|A2/A0| ≈ 1/20. (1.39)
Instead of η00 and η+− we may define two combinations, εK and ε
′
K , in such a way that the
possible effects of CP violation in decay (mixing) are isolated into ε′K (εK).
The experimental definition of the εK parameter is
εK ≡ 1
3
(η00 + 2η+−). (1.40)
To zeroth order in A2/A0, we have η00 = η+− = εK . However, the specific combination
(1.40) is chosen in such a way that the following relation holds to first order in A2/A0:
εK =
1− λ0
1 + λ0
, (1.41)
where
λ0 =
(
q
p
)
K
(
A¯0
A0
)
. (1.42)
Since, by definition, only one strong channel contributes to λ0, there is indeed no CP violation
in decay in (1.41). It is simple to show that Re εK 6= 0 is a manifestation of CP violation
in mixing while Im εK 6= 0 is a manifestation of CP violation in the interference between
decays with and without mixing. Since experimentally arg εK ≈ π/4, the two contributions
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are comparable. It is also clear that εK 6= 0 is a manifestation of indirect CP violation: it
could be described entirely in terms of a CP violating phase in the M12 amplitude.
The experimental definition of the ε′K parameter is
ε′K ≡
1
3
(η+− − η00). (1.43)
The theoretical expression is
ε′K ≈
1
6
(λ00 − λ+−). (1.44)
Obviously, any type of CP violation which is independent of the final state does not con-
tribute to ε′K . Consequently, there is no contribution from CP violation in mixing to (1.44).
It is simple to show that Re ε′K 6= 0 is a manifestation of CP violation in decay while
Im ε′K 6= 0 is a manifestation of CP violation in the interference between decays with and
without mixing. Following our explanations in the previous section, we learn that ε′K 6= 0 is
a manifestation of direct CP violation: it requires φ2−φ0 6= 0 (where φI is the CP violating
phase in the AI amplitude defined in (1.38)).
II. CP VIOLATION IN THE STANDARD MODEL
A. Introduction
Within the Standard Model, CP violation can only arise from the Yukawa interactions:
− LY = Y dijQILiφdIRj + Y uijQILiφ˜uIRj + Y ℓijLILiφℓIRj . (2.1)
The various fermion representations of SU(3)C × SU(2)L × U(1)Y are denoted here by
QIi (3, 2)+1/6, u¯
I
i (3¯, 1)−2/3, d¯
I
i (3¯, 1)+1/3, L
I
i (1, 2)−1/2, ℓ¯
I
i (1, 1)+1, (2.2)
and the Higgs representation is φ(1, 2)+1/2 (φ˜ = iσ2φ
∗). There are 27 complex parameters
in the three Yukawa matrices, but not all of them are physical. If the Yukawa couplings
are switched off, the Standard Model has (in addition to a discrete CP symmetry) a global
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U(3)5 symmetry. But the subgroup of U(1)B ×U(1)e ×U(1)µ ×U(1)τ remains a symmetry
of the Standard Model even in the presence of non-zero Yukawa couplings. Since a 3 × 3
unitary matrix has three real and six imaginary parameters, we conclude that 15 real and
26 imaginary parameters in the Yukawa matrices are not physical, leaving twelve real and
one imaginary physical parameters.
It is easy to identify the physical parameters in the mass basis. Nine of the real pa-
rameters are the charged fermion masses. All other parameters are related to the CKM
matrix VCKM, that is the quark mixing matrix that parametrizes the charged gauge boson
interactions [36,1]:
− LW± = g√
2
uLiγ
µ(VCKM)ijdLjW
+
µ + h.c.. (2.3)
The unitary VCKM can be parametrized with three real mixing angles and a single phase.
The single irremovable phase in the CKM matrix is the only source CP violation within the
Standard Model.
In the Wolfenstein parametrization of VCKM, the four mixing parameters are (λ,A, ρ, η)
with λ = |Vus| = 0.22 playing the role of an expansion parameter and η representing the CP
violating phase [37]:
V =


1− λ2
2
λ Aλ3(ρ− iη)
−λ 1− λ2
2
Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4). (2.4)
The fact that there is a single CP violating parameter in the SM can be seen also in
another useful way. The unitarity of the CKM matrix leads to various relations among the
matrix elements, e.g.
VudV
∗
us + VcdV
∗
cs + VtdV
∗
ts = 0, (2.5)
VusV
∗
ub + VcsV
∗
cb + VtsV
∗
tb = 0, (2.6)
VudV
∗
ub + VcdV
∗
cb + VtdV
∗
tb = 0. (2.7)
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Each of the three relations (2.5)−(2.7) requires the sum of three complex quantities to vanish
and so can be geometrically represented in the complex plane as a triangle. These are “the
unitarity triangles”, though the term “unitarity triangle” is usually reserved for the relation
(2.7) only. It is a surprising feature of the CKM matrix that all unitarity triangles are equal
in area. For any choice of i, j, k, l = 1, 2, 3, one can define a quantity J according to [38]
Im[VijVklV ∗ilV ∗kj] = J
3∑
m,n=1
ǫikmǫjln. (2.8)
Then, the area of each unitarity triangle equals |J |/2 while the sign of J gives the direction
of the complex vectors around the triangles. CP is violated in the Standard Model only if
J 6= 0. The quantity J can then be taken as the CP violating parameter of the SM. The area
of the triangles is then related to the size of the Standard Model CP violation. The relation
between Jarlskog’s measure of CP violation J and the Wolfenstein parameters (λ,A, η) is
given by
J ≃ λ6A2η. (2.9)
The rescaled unitarity triangle is derived from (2.7) by (a) choosing a phase convention
such that (VcdV
∗
cb) is real, and (b) dividing the lengths of all sides by |VcdV ∗cb|. Step (a) aligns
one side of the triangle with the real axis, and step (b) makes the length of this side 1.
The form of the triangle is unchanged. Two vertices of the rescaled unitarity triangle are
thus fixed at (0,0) and (1,0). The coordinates of the remaining vertex correspond to the
Wolfenstein parameters (ρ, η).
Depicting the rescaled unitarity triangle in the (ρ, η) plane, the lengths of the two complex
sides are
Ru ≡
√
ρ2 + η2 =
1
λ
∣∣∣∣VubVcb
∣∣∣∣ , Rt ≡
√
(1− ρ)2 + η2 = 1
λ
∣∣∣∣VtdVcb
∣∣∣∣ . (2.10)
The three angles of the unitarity triangle are denoted by α, β and γ [39]:
α ≡ arg
[
− VtdV
∗
tb
VudV ∗ub
]
, β ≡ arg
[
−VcdV
∗
cb
VtdV ∗tb
]
, γ ≡ arg
[
−VudV
∗
ub
VcdV ∗cb
]
. (2.11)
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They are physical quantities and, we will soon see, can be independently measured by CP
asymmetries in B decays.
To make predictions for future measurements of CP violating observables, we need to
find the allowed ranges for the CKM phases. There are three ways to determine the CKM
parameters (see e.g. [40]):
(i) Direct measurements are related to SM tree level processes. At present, we have
direct measurements of |Vud|, |Vus|, |Vub|, |Vcd|, |Vcs|, |Vcb| and |Vtb|.
(ii) CKM Unitarity (V †CKMVCKM = 1) relates the various matrix elements. At present,
these relations are useful to constrain |Vtd|, |Vts|, |Vtb| and |Vcs|.
(iii) Indirect measurements are related to SM loop processes. At present, we constrain
in this way |VtbVtd| (from ∆mB and ∆mBs) and δKM (from εK).
When all available data is taken into account, we find [41–45]:
− 0.15 ≤ ρ ≤ +0.35, +0.20 ≤ η ≤ +0.45, (2.12)
0.4 ≤ sin 2β ≤ 0.8, −0.9 ≤ sin 2α ≤ 1.0, 0.23 ≤ sin2 γ ≤ 1.0. (2.13)
Of course, there are correlations between the various parameters. The full information in
the (ρ, η) and in the (sin 2α, sin 2β) plane is given in fig. 1.
Since the Standard Model contains only a single independent CP-violating phase, all
possible CP-violating effects in this theory are very closely related. Consequently, the pattern
of CP-violations in B decays is strongly constrained. The goal of B factories is to test
whether this pattern occurs in Nature. If no new physics is discovered, we will have a
much improved determionation of the CKM parameters. The impact of measurements of
CP asymmetries in B decays and of the rate of KL → πνν is demonstrated in fig. 2.
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FIG. 1. The present allowed range (a) in the ρ − η plane and (b) in the sin 2α − sin 2β plane
using constraints from |Vcb|, |Vub/Vcb|, ∆mBd , εK and ∆mBs . For the methods and the data used
in this analysis, see ref. [45].
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FIG. 2. (a) The effect of the CP asymmetries in B decays on the constraints in the ρ−η plane.
We use hypothetical ranges appropriate for 180 fb−1 integrated luminosity in the B-factories.
(b) The effect of the K → piνν¯ measurements on the constraints in the ρ − η plane. We use the
hypothetical ranges BR(K+ → pi+νν¯) = (1.0±0.1)×10−10 , BR(KL → pi0νν¯) = (3.0±0.3)×10−11.
For the methods and the data used in this analysis, see ref. [45].
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B. CP Violation in Semileptonic Decays of Neutral B Mesons
In the Bd system we expect model independently that Γ12 ≪ M12. Moreover, within the
SM and assuming that the box diagram (with a cut) is appropriate to estimate Γ12, we can
actually calculate the two quantities from quark diagrams [46]. The calculation gives
Γ12
M12
= −3π
2
1
f2(m2t/m
2
W )
m2b
m2t
(
1 +
8
3
m2c
m2b
VcbV
∗
cd
VtbV ∗td
)
. (2.14)
This confirms our order of magnitude estimate, |Γ12/M12|∼< 10−2. The deviation of |q/p|
from unity is proportional to Im(Γ12/M12) which is even further suppressed by another
order of magnitude:
1−
∣∣∣∣∣qp
∣∣∣∣∣ = 12Im
Γ12
M12
=
4π
f2(m2t/m
2
W )
m2c
m2t
J
|VtbV ∗td|2
∼ 10−3. (2.15)
Note that the suppression comes from the (m2c/m
2
t ) factor. The last term is the ratio of
the area of the unitarity triangle to the length of one of its sides squared, so it is O(1). In
contrast, for the Bs system, where (2.15) holds except that Vtd is replaced by Vts, there is an
additional suppression from J/|VtbV ∗ts|2 ∼ 10−2 (see the corresponding unitarity triangle).
The above estimate of CP violation in mixing suffers from large uncertainties (of order
30% [19] or even higher [47]) related to the use of a quark diagram to describe Γ12 .
We remind the reader that (2.15) gives the leading contribution to the CP asymmetry
in semileptonic decays:
aSL ≈ 2(1− |q/p|). (2.16)
The smallness of the predicted asymmetry will make its measurement a rather challenging
task.
C. CP Violation in Hadronic Decays of Neutral B Mesons
In the previous subsection we estimated the effect of CP violation in mixing to be of
O(10−3) within the Standard Model, and ≤ O(|Γ12/M12|) ∼ 10−2 model independently
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(for a recent discussion, see [48]). In semileptonic decays, CP violation in mixing is the
leading effect and therefore it can be measured through aSL. In purely hadronic B decays,
however, CP violation in decay and in the interference of decays with and without mixing
is ≥ O(10−2). We can therefore safely neglect CP violation in mixing in the following
discussion and use
q
p
= − M
∗
12
|M12| =
V ∗tbVtd
VtbV ∗td
ωB. (2.17)
(From here on we omit the convention-dependent quark phases ωq defined in eq. (1.14). Our
final expressions for physical quantities are of course unaffected by such omission.)
A crucial question is then whether CP violation in decay is comparable to the CP vio-
lation in the interference of decays with and without mixing or negligible. In the first case,
we can use the corresponding charged B decays to observe effects of CP violation in decay.
In the latter case, CP asymmetries in neutral B decays are subject to clean theoretical in-
terpretation: we will either have precise measurements of CKM parameters or be provided
with unambiguous evidence for new physics. The question of the relative size of CP violation
in decay can only be answered on a channel by channel basis, which is what we do in this
section.
Most channels have contributions from both tree- and three types of penguin-diagrams,
the latter classified according to the identity of the quark in the loop, as diagrams with
different intermediate quarks may have both different strong phases and different weak
phases [49]. On the other hand, the subdivision of tree processes into spectator, exchange
and annihilation diagrams is unimportant in this respect since they all carry the same weak
phase.
While quark diagrams can be easily classified in this way, the description of B decays is
not so neatly divided into tree and penguin contributions once long distance physics effects
are taken into account. Rescattering processes can change the quark content of the final state
and confuse the identification of a contribution. There is no physical distinction between
rescattered tree diagrams and long-distance contributions to the cuts of a penguin diagram.
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While these issues complicate estimates of various rates, they can always be avoided in
describing the weak phase structure of B-decay amplitudes. The decay amplitudes for
b→ qq¯q′ can always be written as a sum of three terms with definite CKM coefficients:
A(qq¯q′) = VtbV
∗
tq′P
t
q′ + VcbV
∗
cq′(Tcc¯q′δqc + P
c
q′) + VubV
∗
uq′(Tuu¯q′δqu + P
u
q′). (2.18)
Here P and T denote contributions from tree and penguin diagrams, excluding the CKM
factors. As they stand, the P terms are not well defined because of the divergences of the
penguin diagrams. Only differences of penguin diagrams are finite and well defined. However
already we see that diagrams that can be mixed by rescattering effects always appear with
the same CKM coefficients and hence that a separation of these terms is not needed when
discussing weak phase structure. Now it is useful to use eqs. (2.6) and (2.7) to eliminate
one of the three terms, by writing its CKM coefficient as minus the sum of the other two.
In the case of qq¯s decays it is convenient to remove the VtbV
∗
ts term. Then
A(cc¯s) = VcbV
∗
cs(Tcc¯s + P
c
s − P ts) + VubV ∗us(P us − P ts), (2.19)
A(uu¯s) = VcbV
∗
cs(P
c
s − P ts) + VubV ∗us(Tuu¯s + P us − P ts), (2.20)
A(ss¯s) = VcbV
∗
cs(P
c
s − P ts) + VubV ∗us(P us − P ts). (2.21)
In these expressions only differences of penguin contributions occur, which makes the can-
cellation of the ultraviolet divergences of these diagrams explicit. Furthermore, the second
term has a CKM coefficient that is much smaller, by O(λ2), than the first. Hence this
grouping is useful in classifying the expected CP violation in decay.
In the case of qq¯d decays the three CKM coefficients are of similar magnitude. The
convention is then to retain the VtbV
∗
td term because, in the Standard Model, the phase
difference between this weak phase and half the mixing weak phase is zero. Thus only one
unknown weak phase enters the calculation of the interference between decays with and
without mixing. We can choose to eliminate which of the other terms does not have a tree
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contribution. In the cases q = s or d, since neither has a tree contribution either term can
be removed. Thus we write
A(cc¯d) = VtbV
∗
td(P
t
d − P ud ) + VcbV ∗cd(Tcc¯d + P cd − P ud ), (2.22)
A(uu¯d) = VtbV
∗
td(P
t
d − P cd ) + VubV ∗ud(Tuu¯d + P ud − P cd ), (2.23)
A(ss¯d) = VtbV
∗
td(P
t
d − P ud ) + VcbV ∗cd(P cd − P ud ). (2.24)
Again only differences of penguin amplitudes occur. Furthermore the difference of penguin
terms that occurs in the second term would vanish if the charm and up quark masses were
equal, and thus is GIM suppressed [50]. However, even in modes with no tree contribution,
(ss¯d), the interference of the two terms can still give significant CP violation.
The penguin processes all involve the emission of a neutral boson, either a gluon (strong
penguins) or a photon or Z boson (electroweak penguins). Excluding the CKM coefficients,
the ratio of the contribution from the difference between a top and light quark strong penguin
diagram to the contribution from a tree diagram is of order
rPT =
P t − P light
Tqq¯q′
≈ αs
12π
ln
m2t
m2b
. (2.25)
This is a factor of O(0.03). However this estimate does not include the effect of hadronic
matrix elements, which are the probability factor to produce a particular final state particle
content from a particular quark content. Since this probability differs for different kinemat-
ics, color flow and spin structures, it can be different for tree and penguin contributions and
may partially compensate the coupling constant suppression of the penguin term. Recent
CLEO results on BR(B → Kπ) and BR(B → ππ) [51] suggest that the matrix element of
penguin operators is indeed enhanced compared to that of tree operators. The enhancement
could be by a factor of a few, leading to
rPT ∼ λ2 − λ. (2.26)
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(Note that rPT does not depend on the CKM parameters. We use powers of the Wolfenstein
parameter λ to quantify our estimate for rPT is order to simplify the comparison between
the size of CP violation in decay and CP violation in the interference between decays with
and without mixing.) Electroweak penguin difference terms are even more suppressed since
they have an αEM or αW instead of the αs factor in (2.25), but certain Z-contributions are
enhanced by the large top quark mass and so can be non-negligible.
We thus classify B decays into four classes. Classes (i) and (ii) are expected to have
relatively small CP violation in decay and hence are particularly interesting for extracting
CKM parameters from interference of decays with and without mixing. In the remaining
two classes, CP violation in decay could be significant and the neutral decay asymmetries
cannot be cleanly interpreted in terms of CKM phases.
(i) Decays dominated by a single term: b → cc¯s and b → ss¯s. The Standard Model
cleanly predicts very small CP violation in decay: O(λ4 − λ3) for b→ cc¯s and O(λ2)
for b→ ss¯s. Any observation of large CP asymmetries in charged B decays for these
channels would be a clue to physics beyond the Standard Model. The corresponding
neutral modes have cleanly predicted relationships between CKM parameters and the
measured asymmetry from interference between decays with and without mixing. The
modes B → ψK and B → φK are examples of this class.
(ii) Decays with a small second term: b → cc¯d and b → uu¯d. The expectation that
penguin-only contributions are supressed compared to tree contributions suggests that
these modes will have small effects of CP violation in decay, of O(λ2 − λ), and an
approximate prediction for the relationship between measured asymmetries in neutral
decays and CKM phases can be made. Examples here are B → DD and B → ππ.
(iii) Decays with a suppressed tree contribution: b→ uu¯s. The tree amplitude is suppressed
by small mixing angles, VubVus. The no-tree term may be comparable or even dominate
and give large interference effects. An example is B → ρK.
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(iv) Decays with no tree contribution: b→ ss¯d. Here the interference comes from penguin
contributions with different charge 2/3 quarks in the loop and gives CP violation in
decay that could be as large as 10% [52,53]. An example is B → KK.
Note that if the penguin enhancement is significant, then some of the decay modes listed
in class (ii) might actually fit better in class (iii). For example, it is possible that b→ uu¯d
decays have comparable contributions from tree and penguin amplitudes. On the other hand,
this would also mean that some modes listed in class (iii) could be dominated by a single
penguin term. For such cases an approximate relationship between measured asymmetries
in neutral decays and CKM phases can be made.
D. CP Violation in the Interference Between B Decays With and Without Mixing
Let us first discuss an example of class (i), B → ψKS. A new ingredient in the analysis
is the effect of K − K¯ mixing. For decays with a single KS in the final state, K − K¯ mixing
is essential because B0 → K0 and B¯0 → K¯0, and interference is possible only due to K− K¯
mixing. This adds a factor of
(
p
q
)
K
=
VcsV
∗
cd
V ∗csVcd
ω∗K (2.27)
into (A¯/A). The quark subprocess in B¯0 → ψK¯0 is b → cc¯s which is dominated by the
W -mediated tree diagram:
A¯ψKS
AψKS
= ηψKS
(
VcbV
∗
cs
V ∗cbVcs
)(
VcsV
∗
cd
V ∗csVcd
)
ω∗B. (2.28)
The CP-eigenvalue of the state is ηψKS = −1. Combining (2.17) and (2.28), we find
λ(B → ψKS) = −
(
V ∗tbVtd
VtbV
∗
td
)(
VcbV
∗
cs
V ∗cbVcs
)(
V ∗cdVcs
VcdV ∗cs
)
=⇒ ImλψKS = sin(2β). (2.29)
The second term in (2.19) is of order λ2rPT for this decay and thus eq. (2.29) is clean
of hadronic uncertainties to O(10−3). Consequently, this measurement can give the theo-
retically cleanest determination of a CKM parameter, even cleaner than the determination
24
of |Vus| from K → πℓν. (If BR(KL → πνν¯) is measured, it will give a comparably clean
determination of η.)
A second example of a theoretically clean mode in class (i) is B → φKS. The quark
subprocess involves FCNC and cannot proceed via a tree level SM diagram. The leading
contribution comes from penguin diagrams. The two terms in eq. (2.21) are now both
differences of penguins but the second term is CKM suppressed and thus of O(λ2) compared
to the first. Thus CP violation in the decay is at most a few percent, and can be neglected
in the analysis of asymmetries in this channel. The analysis is similar to the ψKS case, and
the asymmetry is proportional to sin(2β).
The same quark subprocesses give theoretically clean CP asymmetries also in Bs decays.
These asymmetries are, however, very small since the relative phase between the mixing
amplitude and the decay amplitudes (βs defined below) is very small.
The best known example of class (ii) is B → ππ. The quark subprocess is b→ uu¯d which
is dominated by the W -mediated tree diagram. Neglecting for the moment the second, pure
penguin, term in eq. (2.23) we find
A¯ππ
Aππ
= ηππ
VubV
∗
ud
V ∗ubVud
ω∗B. (2.30)
The CP eigenvalue for two pions is +1. Combining (2.17) and (2.30), we get
λ(B → π+π−) =
(
V ∗tbVtd
VtbV ∗td
)(
V ∗udVub
VudV ∗ub
)
=⇒ Imλππ = sin(2α). (2.31)
The pure penguin term in eq. (2.23) has a weak phase, arg(V ∗tdVtb), different from the term
with the tree contribution, so it modifies both Imλππ and (if there are non-trivial strong
phases) |λππ|. The recent CLEO results mentioned above suggest that the penguin contri-
bution to B → ππ channel is significant, probably 10% or more. This then introduces CP
violation in decay, unless the strong phases cancel (or are zero, as suggested by factorization
arguments). The resulting hadronic uncertainty can be eliminated using isospin analysis
[54]. This requires a measurement of the rates for the isospin-related channels B+ → π+π0
and B0 → π0π0 as well as the corresponding CP-conjugate processes. The rate for π0π0 is
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expected to be small and the measurement is difficult, but even an upper bound on this rate
can be used to limit the magnitude of hadronic uncertainties [55].
Related but slightly more complicated channels with the same underlying quark structure
are B → ρ0π0 and B → a01π0. Again an analysis involving the isospin-related channels can
be used to help eliminate hadronic uncertainties from CP violations in the decays [56,57].
Channels such as ρρ and a1ρ could in principle also be studied, using angular analysis
to determine the mixture of CP-even and CP-odd contributions.
The analysis of B → D+D− proceeds along very similar lines. The quark subprocess
here is b→ cc¯d, and so the tree contribution gives
λ(B → D+D−) = ηD+D−
(
V ∗tbVtd
VtbV ∗td
)(
V ∗cdVcb
VcdV ∗cb
)
=⇒ ImλDD = − sin(2β), (2.32)
where we used ηD+D− = +1. Again, there are hadronic uncertainties due to the pure penguin
term in (2.22), but they are estimated to be small.
In all cases the above discussions have neglected the distinction between strong penguins
and electroweak penguins. The CKM phase structure of both types of penguins is the same.
The only place where this distinction becomes important is when an isospin argument is
used to remove hadronic uncertainties due to penguin contributions. These arguments are
based on the fact that gluons have isospin zero, and hence strong penguin processes have
definite ∆I. Photons and Z-bosons on the other hand contribute to more than one ∆I
transition and hence cannot be separated from tree terms by isospin analysis. In most cases
electroweak penguins are small, typically no more than ten percent of the corresponding
strong penguins and so their effects can safely be neglected. However in cases (iii) and (iv),
where tree contributions are small or absent, their effects may need to be considered. (A
full review of the role of electroweak penguins in B decays has been given in ref. [58].)
E. Unitarity Triangles
One can obtain an intuitive understanding of the Standard Model CP violation in the
interference between decays with and without mixing by examining the unitarity triangles.
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It is instructive to draw the three triangles, (2.5), (2.6) and (2.7), knowing the experimental
values (within errors) for the various |Vij |. In the first triangle (2.5), one side is of O(λ5) and
therefore much shorter than the other, O(λ), sides. In the second triangle (2.6), one side is
of O(λ4) and therefore shorter than the other, O(λ2), sides. In the third triangle (2.7), all
sides have lengths of O(λ3). The first two triangles then almost collapse to a line while the
third one is open.
Let us examine the CP asymmetries in the leading decays into final CP eigenstates. For
the B mesons, the size of these asymmetries (e.g. ImλψKS ) depends on β because it gives
the difference between half the phase of the B − B¯ mixing amplitude and the phase of the
decay amplitudes. The form of the third unitarity triangle, (2.7), implies that β = O(1),
which explains why these asymmetries are expected to be large.
It is useful to define the analog phases for the Bs meson, βs, and the K meson, βK :
βs ≡ arg
[
−VtsV
∗
tb
VcsV
∗
cb
]
, βK ≡ arg
[
− VcsV
∗
cd
VusV
∗
ud
]
. (2.33)
The angles βs and βK can be seen to be the small angles of the second and first unitarity
triangles, (2.6) and (2.5), respectively. This gives an intuitive understanding of why CP
violation is small in the leading K decays (that is εK measured in K → ππ decays) and
is expected to be small in the leading Bs decays (e.g. Bs → ψφ). Decays related to the
short sides of these triangles are rare but could exhibit significant CP violation. Actually,
the large angles in the (2.5) triangle are approximately β and π−β, which explains why CP
violation in K → πνν¯ is related to β and expected to be large. The large angles in the (2.6)
triangle are approximately γ and π−γ. This explains why the CP asymmetry in Bs → ρKS
is related to γ and expected to be large. (Note, however, that this mode gets comparable
contributions from penguin and tree diagrams and does not give a clean CKM measurement
[53].)
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III. CP VIOLATION BEYOND THE STANDARD MODEL
The Standard Model picture of CP violation is rather unique and highly predictive. In
particular, we would like to point out the following features:
(i) CP is broken explicitly.
(ii) All CP violation arises from a single phase, that is δKM.
(iii) The measured value of εK requires that δKM is of order one. (In other words, CP is
not an approximate symmetry of the Standard Model.)
(iv) The values of all other CP violating observables can be predicted. In particular, CP
violation in B → ψKS (and similarly various other CP asymmetries in B decays), and
in K → πνν¯ are expected to be of order one.
The commonly repeated statement that CP violation is one of the least tested aspects
of the Standard Model is well demonstrated by the fact that none of the above features
necessarily holds in the presence of New Physics. In particular, there are viable models of
new physics (e.g. certain supersymmetric models) with the following features:
(i) CP is broken spontaneously.
(ii) There are many CP violating phases (even in the low energy effective theory).
(iii) CP is an approximate symmetry, with all CP violating phases small (usually
10−3∼< φCP∼< 10−2).
(iv) Values of CP violating observables can be predicted and could be very different from
the Standard Model predictions (except, of course, εK). In particular, ImλψKS and
aπνν¯ could both be ≪ 1.
We emphasize that various extensions of the SM modify its predictions of CP violation
in various ways. The models of approximate CP described above are only one example of
how the predictions can be dramatically violated.
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To understand how the Standard Model predictions could be modified by New Physics,
we will focus on CP violation in the interference between decays with and without mixing.
As explained above, it is this type of CP violation which, due to its theoretical cleanliness,
may give unambiguous evidence for New Physics most easily.
A. CP Violation as a Probe of Flavor Beyond the Standard Model
Let us consider five specific CP violating observables.
(i) ImλψKS , the CP asymmetry in B → ψKS. This measurement will cleanly determine
the relative phase between the B − B¯ mixing amplitude and the b → cc¯s decay am-
plitude (sin 2β in the Standard Model). The b → cc¯s decay has Standard Model tree
contributions and therefore is very unlikely to be significantly affected by new physics.
On the other hand, the mixing amplitude can be easily modified by new physics. We
parametrize such a modification by a phase θd:
ImλψKS = sin[2(β + θd)]. (3.1)
(ii) ImλφKS , the CP asymmetry in B → φKS. This measurement will cleanly determine
the relative phase between the B − B¯ mixing amplitude and the b → ss¯s decay
amplitude. The b → ss¯s decay has only Standard Model penguin contributions and
therefore is sensitive to new physics. We parametrize the modification of the decay
amplitude by a phase θA [59]:
ImλφKS = sin[2(β + θd + θA)]. (3.2)
(iii) aπνν¯ , the CP violating ratio of K → πνν¯ decays:
aπνν¯ =
Γ(KL → π0νν¯)
Γ(K+ → π+νν¯) . (3.3)
This measurement will cleanly determine the relative phase between the K−K¯ mixing
amplitude and the s → dνν¯ decay amplitude. The experimentally measured small
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value of εK requires that the phase of the K − K¯ mixing amplitude is not modified
from the Standard Model prediction. (More precisely, it requires that the phase in the
mixing amplitude is very close to the phase in the s → du¯u decay amplitude.) On
the other hand, the decay, which in the Standard Model is a loop process with small
mixing angles, can be easily modified by new physics.
(iv) Im(λK−π+), the CP violating quantity in D → K−π+ decay. The time-dependent
ratios between the doubly-Cabibbo-suppressed and the Cabibbo-allowed D → Kπ
decay rates are given by
Γ[D0(t)→ K+π−]
Γ[D0(t)→ K−π+] ≃ |λ|
2 + (∆mD)
2
4
t2 + Im(λ−1K+π−)t, (3.4)
Γ[D¯0(t)→ K−π+]
Γ[D¯0(t)→ K+π−] ≃ |λ|
2 + (∆mD)
2
4
t2 + Im(λK−π+)t, (3.5)
where we used the fact that CP violation in mixing is expected to be small and,
consequently,
|λ−1K+π−| = |λK−π+ | ≡ λ. (3.6)
The ratio
aD→Kπ =
Im(λK−π+)
|λK−π+ | (3.7)
depends on the relative phase between the D− D¯ mixing amplitude and the c→ ds¯u
decay amplitude. Within the Standard Model, this decay channel is tree level. It is
unlikely that it is affected by new physics. On the other hand, the mixing amplitude
can be easily modified by new physics [60].
(v) dN , the electric dipole moment of the neutron. We did not discuss this quantity so
far because, unlike CP violation in meson decays, flavor changing couplings are not
necessary for dN . In other words, the CP violation that induces dN is flavor diagonal.
It does in general get contributions from flavor changing physics, but it could be
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induced by sectors that are flavor blind. Within the Standard Model (and ignoring
the strong CP angle θQCD), the contribution from δKM arises at the three loop level
and is at least six orders of magnitude below the experimental bound [61] dexpN ,
dexpN = 1.1× 10−25 e cm. (3.8)
The various CP violating observables discussed above are sensitive then to new physics
in the mixing amplitudes for the B − B¯ and D − D¯ systems, in the decay amplitudes for
b → ss¯s and s → dνν¯ channels and to flavor diagonal CP violation. If information about
all these processes becomes available and deviations from the Standard Model predictions
are found, we can ask rather detailed questions about the nature of the new physics that is
responsible to these deviations:
(i) Is the new physics related to the down sector? the up sector? both?
(ii) Is the new physics related to ∆B = 1 processes? ∆B = 2? both?
(iii) Is the new physics related to the third generation? to all generations?
(iv) Are the new sources of CP violation flavor changing? flavor diagonal? both?
It is no wonder then that with such rich information, flavor and CP violation provide an
excellent probe of new physics.
IV. SUPERSYMMETRY
A generic supersymmetric extension of the Standard Model contains a host of new flavor
and CP violating parameters. (For reviews on supersymmetry see refs. [62–69]. The following
chapter is based on [70].) The requirement of consistency with experimental data provides
strong constraints on many of these parameters. For this reason, the physics of flavor and
CP violation has had a profound impact on supersymmetric model building. A discussion of
CP violation in this context can hardly avoid addressing the flavor problem itself. Indeed,
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many of the supersymmetric models that we analyze below were originally aimed at solving
flavor problems.
As concerns CP violation, one can distinguish two classes of experimental constraints.
First, bounds on nuclear and atomic electric dipole moments determine what is usually called
the supersymmetric CP problem. Second, the physics of neutral mesons and, most impor-
tantly, the small experimental value of εK pose the supersymmetric εK problem. In the next
two subsections we describe the two problems. Then we describe various supersymmetric
flavor problems and the ways in which they address the supersymmetric CP problem.
Before turning to a detailed discussion, we define two scales that play an important role
in supersymmetry: ΛS, where the soft supersymmetry breaking terms are generated, and ΛF ,
where flavor dynamics takes place. When ΛF ≫ ΛS, it is possible that there are no genuinely
new sources of flavor and CP violation. This leads to models with exact universality, which
we discuss in section IV.C. When ΛF∼< ΛS, we do not expect, in general, that flavor and
CP violation are limited to the Yukawa matrices. One way to suppress CP violation would
be to assume that CP is an approximate symmetry of the full theory (namely, CP violating
phases are all small). We discuss this scenario in section IV.D. Another option is to assume
that, similarly to the Standard Model, CP violating phases are large, but their effects are
screened, possibly by the same physics that explains the various flavor puzzles. Such models,
with Abelian or non-Abelian horizontal symmetries, are described in section IV.E. It is also
possible that CP violating effects are suppressed because squarks are heavy. This scenario
is also discussed in section IV.E. Some concluding comments are given in section IV.F.
A. The Supersymmetric CP Problem
One aspect of supersymmetric CP violation involves effects that are flavor preserving.
Then, for simplicity, we describe this aspect in a supersymmetric model without additional
flavor mixings, i.e. the minimal supersymmetric standard model (MSSM) with universal
sfermion masses and with the trilinear SUSY-breaking scalar couplings proportional to the
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corresponding Yukawa couplings. (The generalization to the case of non-universal soft terms
is straightforward.) In such a constrained framework, there are four new phases beyond the
two phases of the Standard Model (δKM and θQCD). One arises in the bilinear µ-term of the
superpotential,
W = µHuHd, (4.1)
while the other three arise in the soft supersymmetry breaking parameters mg˜ (the gaugino
mass), A (the trilinear scalar coupling) and m212 (the bilinear scalar coupling):
L = −1
2
mg˜g˜g˜ −A(Y uQHuu¯− Y dQHdd¯− Y eLHdℓ¯)−m212HuHd + h.c., (4.2)
where g˜ are the gauginos and Y are Yukawa matrices. Only two combinations of the four
phases are physical [71,72]. In the absence of (4.1) and (4.2), there are two additional global
U(1) symmetries in the MSSM, an R symmetry and a Peccei-Quinn symmetry. This means
that one could treat the various dimensionful parameters in (4.1) and (4.2) as spurions which
break the symmetries, thus deriving selection rules. The appropriate charge assignments are:
mg˜ A m
2
12 µ Hu Hd Qu¯ Qd¯ Lℓ¯
U(1)PQ 0 0 −2 −2 1 1 −1 −1 −1
U(1)R −2 −2 −2 0 1 1 1 1 1
(4.3)
Physical observables can only depend on combinations of the dimensionful parameters that
are neutral under both U(1)’s. There are three such independent combinations: mg˜µ(m
2
12)
∗,
Aµ(m212)
∗ and A∗mg˜. However, only two of their phases are independent, say
φA = arg(A
∗mg˜), φB = arg(mg˜µ(m
2
12)
∗). (4.4)
In the more general case of non-universal soft terms there is one independent phase φAi for
each quark and lepton flavor. Moreover, complex off-diagonal entries in the sfermion mass
matrices may represent additional sources of CP violation.
The most significant effect of φA and φB is their contribution to electric dipole moments
(EDMs). For example, the contribution from one-loop gluino diagrams to the down quark
EDM is given by [73,74]:
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dd =Md
eα3
18πm˜4
(|Amg˜| sinφA + tanβ|µmg˜| sinφB) , (4.5)
where we have taken m2Q ∼ m2D ∼ m2g˜ ∼ m˜2, for left- and right-handed squark and gluino
masses. We define, as usual, tan β = 〈Hu〉/〈Hd〉. Similar one-loop diagrams give rise to
chromoelectric dipole moments. The electric and chromoelectric dipole moments of the
light quarks (u, d, s) are the main source of dN (the EDM of the neutron), giving [75]
dN ∼ 2
(
100GeV
m˜
)2
sinφA,B × 10−23 e cm (4.6)
where, as above, m˜ represents the overall SUSY scale. The present experimental bound,
dN < 1.1 × 10−25e cm [76,77], is then violated for O(1) phases, unless the masses of super-
partners are above O(1 TeV ). Alternatively for light SUSY masses, the new phases should
be < O(10−2). Notice however that one may consider the actual bound weaker than this,
due to the theoretical uncertainty in the estimate of the hadronic matrix elements that lead
to eq. (4.6) [78]. With this caveat, whether the phases are small or squarks are heavy, a
fine-tuning of order 10−2 seems to be required, in general, to avoid too large a dN . This is
the Supersymmetric CP Problem [73,74,79,80].
In addition to dN , the SUSY CP phases contribute to atomic and nuclear EDMs (see
a detailed discussion in ref. [75]). The former are also sensitive to phases in the leptonic
sector. The latter give additional constraints on the quark sector phases. For instance, the
bound on the nuclear EDM of 199Hg is comparable to the one given by dN . In practice,
these additional bounds on SUSY CP phases are not stronger than those from dN (at least
in the quark sector). However, since there are significant theoretical uncertainties in the
calculation of nuclear EDMs, it is important to measure as many as possible of them to
obtain more reliable bounds.
B. The Supersymmetric εK Problem
The contribution to the CP violating εK parameter in the neutral K system is domi-
nated by diagrams involving Q and d¯ squarks in the same loop [81–85]. The corresponding
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effective four-fermi operator involves fermions of both chiralities, so that its matrix ele-
ments are enhanced by O(mK/ms)2 compared to the chirality conserving operators. For
mg˜ ≃ mQ ≃ mD = m˜ (our results depend only weakly on this assumption) and focusing on
the contribution from the first two squark families, one gets (we use the results in ref. [85])
εK =
5 α23
162
√
2
f 2KmK
m˜2∆mK
[(
mK
ms +md
)2
+
3
25
]
Im
{
(δm2Q)12
m2Q
(δm2D)12
m2D
}
, (4.7)
where (δm2Q,D)12 are the off diagonal entries in the squark mass matrices in a basis where
the down quark mass matrix and the gluino couplings are diagonal. These flavor violating
quantities are often written as (δm2Q,D)12 = V
Q,D
11 δm
2
Q,DV
Q,D∗
21 , where δm
2
Q,D is the mass
splitting among the squarks and V Q,D are the gluino coupling mixing matrices in the mass
eigenbasis of quarks and squarks. Note that CP would be violated even if there were two
families only [86]. (There are also contributions involving the third family squarks via the
(13) and (23) mixings. In some cases the third family contribution actually dominates.)
Using the experimental value of εK , we get
(∆mKεK)
SUSY
(∆mKεK)EXP
∼ 107
(
300 GeV
m˜
)2 (m2Q2 −m2Q1
m2Q
)(
m2D2 −m2D1
m2D
)
|KdL12KdR12 | sinφ, (4.8)
where φ is the CP violating phase. In a generic supersymmetric framework, we expect
m˜ = O(mZ), δm2Q,D/m2Q,D = O(1), KQ,Dij = O(1) and sin φ = O(1). Then the constraint
(4.8) is generically violated by about seven orders of magnitude. (Four-fermi operators with
same chirality fermions give a smaller effect. The resulting εK-bounds are therefore weaker
by about one order of magnitude.)
Eq. (4.8) also shows what are the possible ways to solve the supersymmetric εK problem:
(i) Heavy squarks: m˜≫ 300 GeV ;
(ii) Universality: δm2Q,D ≪ m2Q,D;
(iii) Alignment: |Kd12| ≪ 1;
(iv) Approximate CP: sin φ≪ 1.
The dN problem (see eq. (4.6)) is solved by either heavy squarks or approximate CP.
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C. Exact Universality
Both supersymmetric CP problems are solved if, at the scale ΛS, the soft supersymmetry
breaking terms are universal and the genuine SUSY CP phases φA,B vanish. Then the
Yukawa matrices represent the only source of flavor and CP violation which is relevant in
low energy physics. This situation can naturally arise when supersymmetry breaking is
mediated by gauge interactions at a scale ΛS ≪ ΛF [87–90]. In the simplest scenarios,
the A-terms and the gaugino masses are generated by the same SUSY and U(1)R breaking
source (see eq. (4.3). Thus, up to very small effects due to the standard Yukawa matrices,
arg(A) = arg(mg˜) so that φA vanishes. In specific models also φB vanishes in a similar
way [88,90]. It is also possible that similar boundary conditions occur when supersymmetry
breaking is communicated to the observable sector up at the Planck scale [91–95]. The
situation in this case seems to be less under control from the theoretical point of view.
Dilaton dominance in SUSY breaking, though, seems a very interesting direction to explore
[96,97].
The most important implication of this type of boundary conditions for soft terms, which
we refer to as exact universality [98,99], is the existence of the SUSY analogue of the GIM
mechanism which operates in the SM. The CP violating phase of the CKM matrix can feed
into the soft terms via Renormalization Group (RG) evolution only with a strong suppression
from light quark masses [71].
With regard to the supersymmetric CP problem, gluino diagrams contribute to quark
EDMs as in eq. (4.5), but with a highly suppressed effective phase, e.g.
φAd ∼ (tS/16π2)4Y 4t Y 2c Y 2b J. (4.9)
Here tS = log(ΛS/MW ) arises from the RG evolution from ΛS to the electroweak scale,
the Yi’s are quark Yukawa couplings (in the mass basis), and J ≃ 2 × 10−5 is defined in
eq. (2.8). A similar contribution comes from chargino diagrams. The resulting EDM is
dN∼< 10−31 e cm. This maximum can be reached only for very large tan β ∼ 60 while,
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for small tan β ∼ 1, dN is about 5 orders of magnitude smaller. This range of values for
dN is much below the present (∼ 10−25 e cm) and foreseen (∼ 10−28 e cm) experimental
sensitivities [100–103].
With regard to the supersymmetric εK problem, the contribution to εK is proportional to
Im(VtdV ∗ts)2Y 4t (tS/16π2)2, giving the same GIM suppression as in the SM. This contribution
turns out to be small [71]:
|εSUSYK | ∼ 6× 10−6
[
J Re(VtdV ∗ts)
10−8
] [
300GeV
m˜
]2 [ ln(ΛS/mW )
5
]2
. (4.10)
The value tS = 5 is typical to gauge mediated supersymmetry breaking, but (4.10) remains
negligible for any scale ΛS∼< MPl (namely tS∼< 35). The supersymmetric contribution to
D − D¯ mixing is similarly small and we expect no observable effects.
For the Bd and Bs systems, the largest SUSY contribution to the mixing comes from box
diagrams with intermediate charged Higgs and the up quarks. It can be up to O(0.2) of the
SM amplitude for ΛS =MPl and tan β = O(1) [104–107], and much smaller for large tan β.
The contribution is smaller in models of gauge mediated SUSY breaking where the mass of
the charged Higgs boson is typically ∼> 300 GeV [89] and tS ∼ 5. The SUSY contributions
to Bs − B¯s and Bd− B¯d mixing are, to a good approximation, proportional to (VtbV ∗ts)2 and
(VtbV
∗
td)
2, respectively, like in the SM. Then, regardless of the size of these contributions, the
relation ∆mBd/∆mBs ∼ |Vtd/Vts|2 and the CP asymmetries in neutral B decays into final
CP eigenstates are the same as in the SM.
D. Approximate CP Symmetry
Both supersymmetric CP problems are solved if CP is an approximate symmetry, broken
by a small parameter of order 10−3. This is one of the possible solutions to CP problems
in the class of supersymmetric models with ΛF∼< ΛS, where the soft masses are generically
not universal, so that we do not expect flavor and CP violation to be limited to the Yukawa
matrices. (Of course, some mechanism has also to suppress the real part of the ∆S = 2
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amplitude by a sufficient amount.) Most models where soft terms arise at the Planck scale
(ΛS ∼MPl) belong to this class.
If CP is an approximate symmetry, we expect also the SM phase δKM to be ≪ 1.
Then the standard box diagrams cannot account for εK which should arise from another
source. In supersymmetry with non-universal soft terms, the source could be diagrams in-
volving virtual superpartners, mainly squark-gluino box diagrams. Let us call (MK12)
SUSY
the supersymmetric contribution to the K − K¯ mixing amplitude. Then the requirements
Re(MK12)SUSY∼< ∆mK and Im(MK12)SUSY ∼ εK∆mK imply that the generic CP phases are
≥ O(εK) ∼ 10−3.
Of course, dN constrains the relevant CP violating phases to be ∼< 10−2. If all phases
are of the same order, then dN must be just below or barely compatible with the present
experimental bound. A signal should definitely be found if the accuracy is increased by two
orders of magnitude.
The main phenomenological implication of these scenarios is that CP asymmetries in B
meson decays are small, perhaps O(εK), rather than O(1) as expected in the SM. Also the
ratio aπνν¯ (see (3.3)) is very small, in contrast to the Standard Model where it is expected
to be of O(sin2 β). Explicit models of approximate CP were presented in refs. [108–110].
The fact that the Standard Model and the models of approximate CP are both viable
at present is related to the fact that the mechanism of CP violation has not really been
tested experimentally. The only measured CP violating observale, that is εK , is small. Its
smallness could be related to the ‘accidental’ smallness of CP violation for the first two
quark generations, as is the case in the Standard Model, or to CP being an approximate
symmetry, as is the case in the models discussed here. Future measurements, particularly
of processes where the third generation plays a dominant role (such as aψKS or aπνν¯), will
easily distinguish between the two scenarios. While the Standard Model predicts large CP
violating effects for these processes, approximate CP would suppress them too.
The distinction between the Standard Model and Supersymmetry could also be made
– though less easily – in measurements of CP violation in neutral D decays and of the
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electric dipole moments of the neutron. Here, the GIM mechanism of the Standard Model
is so efficient that CP violating effects are unobservable in both cases. In contrast, the
flavor breaking in supersymmetry might be much stronger, and then the approximate CP
somewhat suppresses the effects but to a level which is perhaps still observable.
E. Approximate Horizontal Symmetries
Another option is to assume that, similarly to the Standard Model, CP violating phases
are large, but their effects are screened, possibly by the same physics that explains the
various flavor puzzles. This usually requires Abelian or non-Abelian horizontal symmetries.
Two ingredients play a major role here: selection rules that come from the symmetry and
holomorphy of Yukawa and A-terms that comes from the supersymmetry. With Abelian
symmetries, the screening mechanism is provided by alignment [111–113], whereby the mix-
ing matrices for gaugino couplings have very small mixing angles, particularly for the first
two down squark generations. With non-Abelian symmetries, the screening mechanism is
approximate universality, where squarks of the two families fit into an irreducible doublet
and are, therefore, approximately degenerate [114–122]. In all of these models, it is difficult
to avoid dN∼> 10−28 e cm.
As far as the third generation is concerned, the signatures of Abelian and non-Abelian
models are similar. In particular, they allow observable deviations from the SM predictions
for CP asymmetries in B decays. In some cases, non-Abelian models give relations between
CKM parameters and consequently predict strong constraints on these CP asymmetries.
For the two light generations, only alignment allows interesting effects. In particular, it
predicts large CP violating effects in D − D¯ mixing [111,112]. Thus, it allows for aD→Kπ =
O(1) and, in particular, for Im(λ−1K+π−) 6= Im(λK−π+) which will signify new CP violating
phases (see eqs. (3.4)).
Finally, it is possible that CP violating effects are suppressed because squarks are heavy.
If the masses of the first and second generations squarks mi are larger than the other soft
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masses, m2i ∼ 100 m˜2 then the Supersymmetric CP problem is solved and the εK problem
is relaxed (but not eliminated) [117,114]. This does not necessarily lead to naturalness
problems, since these two generations are almost decoupled from the Higgs sector.
Notice though that, with the possible exception ofm2
b˜R
, third family squark masses cannot
naturally be much above m2Z . If the relevant phases are of O(1), the main contribution to
dN comes from the third family via the two-loop induced three-gluon operator [124], and it
is roughly at the present experimental bound when mt˜L,R ∼ 100 GeV .
Models with the first two squark generations heavy have their own signatures of CP
violation in neutral meson mixing [125]. The mixing angles relevant to D − D¯ mixing are
similar, in general, to those of models of alignment (if alignment is invoked to explain ∆mK
with m2Q,D∼< 20 TeV ). However, since the u˜ and c˜ squarks are heavy, the contribution
to D − D¯ mixing is one to two orders of magnitude below the experimental bound. This
may lead to the interesting situation that D − D¯ mixing will first be observed through its
CP violating part [126]. In the neutral B system, O(1) shifts from the Standard Model
predictions of CP asymmetries in the decays to final CP eigenstates are possible. This
can occur even when the squarks masses of the third family are ∼ 1 TeV [127], since now
mixing angles can naturally be larger than in the case of horizontal symmetries (alignment
or approximate universality).
F. Some Concluding Comments
The conclusion from our discussion of supersymmetric flavor models is that measurements
of CP violation will provide us with an excellent probe of the flavor and CP structure of
supersymmetry. This is clearly demonstrated in Table I.
The unique features of CP violation are well demonstrated by examining the CP asymme-
try in B → ψKS, ImλψKS , and CP violation in K → πνν¯, Imλπνν¯ . Model independently,
ImλψKS measures the relative phase between the B− B¯ mixing amplitude and the b→ cc¯d
decay amplitude (more precisely, the b→ cc¯s decay amplitude times the K− K¯ mixing am-
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Model dN/d
exp
N θd θA aD0→K−π+ aK→πνν¯
Standard Model ∼< 10−6 0 0 0 O(1)
ExactUniversality ∼< 10−6 0 0 0 = SM
Approximate CP ∼ 10−1 −β 0 O(10−3) O(10−5)
Alignment ∼> 10−3 O(0.2) O(1) O(1) ≈ SM
Approx. Universality ∼> 10−2 O(0.2) O(1) 0 ≈ SM
Heavy Squarks ∼ 10−1 O(1) O(1) O(10−2) ≈ SM
TABLE I. CP violating observables in various classes of Supersymmetric flavor models.
plitude), while Imλπνν¯ measures the relative phase between the K − K¯ mixing amplitude
and the s→ dνν¯ decay amplitude. We would like to emphasize the following three points:
(i) The two measurements are theoretically clean to better than O(10−2). Thus they can
provide the most accurate determination of CKM parameters.
(ii) As concerns CP violation, the Standard Model is a uniquely predictive model. In
particular, it predicts that the seemingly unrelated ImλψKS and Imλπνν¯ measure the
same parameter, that is the angle β of the unitarity triangle.
(iii) In the presence of New Physics, there is in general no reason for a relation between
ImλψKS and Imλπνν¯ . Therefore, a measurement of both will provide a sensitive probe
of New Physics.
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